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A ternary ferrimagnetic half-metal, constructed through substituting 25% Fe for Mn in zincblende semiconductor 
MnTe, is predicted in terms of accurate first-principles calculations. It has a large half-metallic (HM) gap of 0.54eV 
and its ferrimagnetic order is very stable against other magnetic fluctuations. The HM ferrimagnetism is formed 
because the complete moment compensation in the antiferromagnetic MnTe is replaced by an uncomplete one in 
the Fe-substituted MnTe. This should make a novel approach to new HM materials. The half-metal could be fabricated 
because Fe has good affinity with Mn, and useful for spintronics. 



1 Introduction Half-metaflic (HM) ferromagnets have 
attracted much attention because they have band gaps at 
the Fermi energy for one electronic spin channel and are 
metallic for the other channel |[Tl|2l- A lot of HM ferromag- 
netic (FM) materials have been found I3]|4l|5]|6l|7ll8l|] . Ac- 
curate first-principles calculations have revealed HM fer- 
romagnetism in binary transition metal chalcogenides and 
pnictides in the zincblende and wurtzite structures HIOIII II 
[T2l[T3l[T4lfT5l . It is exciting that a Singapore group, stimu- 
lated by the theoretical prediction of zincblende CrTe (z- 
CrTe) lfT4lfT5]| . has fabricated z-CrTe samples of 100 nm 
thickness lfT6l . It has also been reported that half-metallic 
ferrimagnets can be formed by introducing Cr antisites in 
CrAs or CrSb lfTTl . It is still highly desirable to search for 
novel semiconductor-compatible half-metals with high Curie 
temperature for potential spintronic applications [|18| . 

Magnetic materials with and based on zincblende struc- 
ture are very interesting to spintronic applications. Zincble- 
nde MnTe (z-MnTe) is one of a few antiferromagnetic (AF- 
M) semiconductors. Although MnTe crystallizes into a NiAs 
phase, the metastable z-MnTe has been grown by molecu- 
lar beam epitaxy (MBE) growth technique |fT9l and semibuUc 
(about 1 micrometer thick) film samples of z-MnTe have 
been fabric ated l|20l because z-MnTe is only 0.02eV per 
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formula unit higher in total energy than the NiAs-type MnTe. 
Ternary Cr-doped NiAs-type manganese tellurides, Mni_j;- 
Cr^Te, with x being up to 14%, have been fabricated, in 
which the substitution of Cr for Mn leads to a change from 
an AFM semiconductor of MnTe to a FM (or ferrimag- 
netic) semiconductor of Mni _^CrTTe[.2l:|. Therefore, z- 
MnTe should be an interesting novel approach to explore 
promising magnetic semiconductors and HM compounds. 

In this paper, we perform first-principles study on struc- 
tural, electronic, and magnetic properties of the 25%-Fe- 
doped Z-MnTe. The substitution of Fe for Mn results in a 
transition from the AFM semiconductor of z-MnTe to the 
ferrimagnetic half-metal of Mn3FeTe4. We understand the 
mechanism of the magnetism and the magnetic transition 
through investigating the atomic and electronic structures 
of Mn3FeTe4 in comparison with those of z-MnTe. 

The remaining part of this paper is organized as fol- 
lows. In next section we present our computational detail. 
In the third section we shall present our optimized results 
of crystal structures and investigate the stability of the fer- 
rimagnetism against magnetic fluctuations. In the fourth 
section we shall present the electronic structures and dis- 
cuss the mechanism for the half-metaUic ferrimagnetism. 
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Finally we shall make some discussions and give our con- 
clusion. 

2 Computational detail To perform the calculations, 
we use the package WIEN2K|f22l, which is based on full- 
potential linearized augmented plane wave method within 
the density-functional theory (DFT) ll23l . The Perdew-Bur- 
ke-Ernzerhof 1996 version ll24l of the generalized gradient 
approximation (GGA) is used for the exchange-correlation 
potential. Full relativistic effects are calculated for core 
states, and the scalar relativistic approximation is used for 
valence states. We investigate the effect of the spin-orbit 
coupling, but still present the results without spin-orbit cou- 
pling in the following because it does not affect our main 
conclusions. For different magnetic structures we use dif- 
ferent but appropriate k points in the first Brillouin zones 
and make the expansion up to /=10 in muffin tins. i?nit x 

is set to 8.5 for z-MnTe and to 7.0 for Mn3FeTe4 with- 
out affecting our conclusions. The self-consistent calcula- 
tions are considered to be converged when the integrated 
charge difference per formula unit between input and out- 
put charge density is less than 0.0001. 

3 Optimized crystal structures Recent inelastic ne- 
utron-scattering experiment has revealed that the stable ma- 
gnetic structure of z-MnTe is collinear type-Ill AFM or- 
der of Mn spins in a double conventional unit cell ll25ll26l . 
rather than early type-I AFM order in single conventional 
unit cell 1271 or noncollinear type-Ill AFM order suggested 
in terms of previous neutron-diffraction result ll20l . There- 
fore, we consider only collinear spin configurations in the 
following. 




Figure 1 (color onHne). AFM-I (do) and AFM-III (eo) 
structures of zincblende MnTe and the most stable struc- 
ture (c?i) of Mn3FeTe4. The black (red) ball denotes Fe 
(with arrow), the grey (blue) one Mn (with arrow) or Te. 
The arrows represent the spins on the sites. 



Five spin configurations ag, h^, cq, do and eo can be 
constructed for z-MnTe. ao is a FM structure with four Mn 
moments being in parallel, and co, obtained by reversing 
one Mn moment respectively at the face-center and on the 



Table 1 The space groups (SG), the magnetic orders (MO), 
the lattice constants (a or ale), the relative energy Er (de- 
fined with respect to the lowest structure for the same for- 
mula), the absolute value of total magnetic moment (A/), 
and the Kohn-Sham gaps {Eg) or the HM gaps {Eh). Er 
and A/ are normalized in terms of those of di for compar- 
ison. 
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vertex of ao, are ferrimagnetic structures and equivalent 
with each other, do and eo are the type-I AFM (AFM-I) 
structure with single conventional cell 127] and the type-Ill 
AFM (AFM-III) structure with double unit cells iSl, re- 
spectively, as shown in Fig. [T] By substituting Fe for Mn 
on the vertex in the single MnTe cell of ao ~ do, we get 
correspondingly four FM (or ferrimagnetic) structures ai, 
&i, ci, and di of Mn3FeTe4. di is the most stable among 
them and is shown in Fig.[T] Generally speaking, to get an 
AFM structure we construct a supercell of two unit cells 
and make the moments in one unit cell opposite to those in 
the other ai ~ di are all possible FM (or ferrimagnetic) 
structures one can construct without enlarging the mag- 
netic unit cell. We construct all possible AFM structures 
based on them, and the results for the most stable AFM 
structure ei (as the representative) are shown in Table [T] 

All the above structures, both FM and AFM, are opti- 
mized fully. The moment and electronic structures are cal- 
culated with the lattice constants of the optimized struc- 
tures. Our calculated results are summarized in Table [T] It 
is clear that the most stable structure tends to have a small 
equilibrium lattice constant. As is shown in Table [T] the 
two FM structures (ao and ai) and the four ferrimagnetic 
structures (6o, co, bi and ci), having large magnetic mo- 
ments, are unfavorable in total energy. For z-MnTe, AFM- 
III eg and AFM-I do, with the total moments being 0, are 
favorable in total energy, and eo is 5meV per formula unit 
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Table 2 The partial magnetic moments (fis) projected in 
the muffin-tin spheres of Mnl, Mn2, Fe, and Te atoms and 
in the interstitial region (Inter) and the total moment (Total) 
in the most stable structures z-MnTe eo and Mn3FeTe4 di . 
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0.000 


-0.095 


Total 


0.000 
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lower than do, being in agreement with experimental fact 
that eo is the ground-state phase of z-MnTe with a semicon- 
ducting gap of about 3.2eV |fT9| . The most stable structure 
for Mn3FeTe4, however, is not any AFM structure, but the 
ferrimagnetic structure di with an absolute total moment of 
l.OOO/is- It is lower by 0.125eV per formula unit in total 
energy than the lowest AFM structure ei. 

We summarize the partial magnetic moments (/is) pro- 
jected in the muffin-tin spheres of Mnl, Mn2, Fe, and Te 
atoms and in the interstitial region in the most stable struc- 
tures Z-MnTe eo and Mn3FeTe4 di in Table |2] The cor- 
responding total magnetic moments also are presented for 
comparison. It is worth noting that there are two Mnl atoms 
and two Mn2 ones in z-MnTe eo, but we have one Mnl 
atom, one Fe atom, and two Mn2 atoms in Mn3FeTe4 di, 
as shown in Fig.[T] It is obvious that the partial substitution 
of Fe for Mn leads to the transferring of a little magnetic 
moments from the Mn atoms to the Te atoms and the inter- 
stitial region. Mn3FeTe4 di has a total moment of -1.000 
Hb because Fe has one more d electron, or one fis less 
magnetic moment, than Mn. 

4 Electronic structures and magnetic mechanism 

The spin-dependent density of states (DOS) of the AFM- 
III MnTe are presented in Fig. |2la). The primitive cell of 
AFM-III MnTe consists of 2 Mnl (with spin up), 2 Mn2 
(with spin down), and 4 Te atoms. The valence bands are 
formed by 10 d and 12 p states. The 10 lowest conduction 
bands originate from Mn d states. The Mn moments are 
coupled with a superexchange interaction through the near- 
est Te atoms, which yields the antiferromagnetism. The 
spin exchange splitting is about 4.7eV, as shown in Fig. 
12a). 

The spin-dependent density of states (DOS) and energy 
bands of the Mn3FeTe4 are presented in Fig.|2|6) and Fig. 
[3j respectively. The Fermi level Ep is set to zero. The filled 
bands between -5eV and -0.6eV, consisting of 10 d states 
and 12 p states for each spin channel, are similar to those of 
the MnTe. The main difference is that there are partly-filled 
majority-spin bands across the Fermi level in the case of 
the Mn3FeTe4. The minority-spin bands still have a gap of 
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Figure 2 (color online). Spin-dependent total (thick solid) 
and partial DOS (state/eV per formula unit) for the AFM- 
III MnTe (a), the most stable di structure of Mn3FeTe4 (6), 
and the most stable structure of Mn3CrTe4 (c). The upper 
half of each panel is DOS for majority spin and the lower 
one for minority spin. The partial DOS are those in Fe/Cr 
(dot), Mnl (dash), Mn2 (long dash), and Te (dot dash) muf- 
fin tins and in interstitial region (thin solid). 



1 . 1 2e V, a little smaller than the Kohn-Sham gap, 1 .35eV, of 
the MnTe. The Mn3FeTe4 has 0.54eV as its HM gap which 
is defined as the smaller of E'l^^-Ep and Ep-El'^, where 

niiii -'- iiicix ' 

E'^ijj is the bottom of the minority-spin conduction bands 
and i?^ax the top of the minority-spin valence ones II 1411151 . 

The 25% Fe substitution for Mn results in a cell con- 
sisting of 2 Fe, 6 Mn, and 8 Te atoms. The spin orientations 
cannot remain the same as those of AFM-III MnTe because 
Fe has one more d electron than Mn. Instead, the mag- 
netic order is reorganized so that the 16-atom cell is divided 
into two equivalent smaller 8-atom ones which would have 
AFM-I structure if we neglect the difference between Fe 
and Mn. As a result, we obtain a ferrimagnetic order be- 
cause the Fe moment cannot completely compensate the 
opposite Mn moment. The substitution does not substan- 
tially change the valence bands, but moves some majority- 
spin d states downwards with respect to those of the z- 
MnTe because the Fe d states are a little lower than those of 
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Figure 3 Spin-dependent energy bands (plotted with cir- 
cles) of the di structure of Mn3FeTe4. A larger circle im- 
plies more Fe d character. The left panel is for majority- 
spin and the right one for minority-spin. 



Mn d ones in energy. The majority-spin bands at the Fermi 
level, belonging to a doublet, are half-filled because there 
is only one electron for them. The HM ferrimagnetism is 
achieved because we still have a gap across the Fermi level 
for minority-spin channel. 

We have studied similar 25%-Cr-doped MnTe, MnaCr- 
Te4. Its stable structure also exhibits HM ferrimagnetism. 
The results for Mn3CrTe4 are consistent with Nakamura et 
fl/'s through doping 75% Mn into z-CrTe 1281 . The spin- 
dependent density of states for the most stable structure of 
Mn3CrTe4 are also given in Fig. |2lc). Cr has four d elec- 
trons, one less than Mn. The Cr d states are a little higher 
than those of Mn in energy, which results in the partially 
occupied Cr impurity bands in the majority-spin bands and 
the open gap in the minority-spin bands. 

By comparing the DOSs of the Mn3FeTe4 and Mn3Cr- 
Te4 in Fig. |2] we can explain the origin of their ferrimag- 
netism uniformly according to the number of d electrons in 
the transition metal atoms and the energy levels of d states. 
The substitution of Fe for Mn or Cr for Mn changes the 
distribution of d states at the fermi level and results in the 
ferrimagnetism. 

5 Discussion and conclusion All of our presented 
results are calculated with GGA, although local density 
approximation (LDA) yields almost the same results. It 
is worth noting that a developed single-ion implantation 
technique recently was used to implant dopant ions one- 
by-one into a semiconductor ll29l . That is, both the number 
and the position of the dopant atoms in the semiconductor 
are precisely controlled. As a result, the promising half- 
metals predicted in this paper could be realized by using 
such techniques. 

In summary, we have predicted a ternary half-metal 
Mn3FeTe4, constructed by substituting Fe for Mn in semi- 
conductor z-MnTe, in terms of our accurate first-principles 



calculations. The substitution results in a transition from 
the AFM semiconductor MnTe to the HM ferrimagnet of 
the Mn3FeTe4. The HM ferrimagnetism is stable against 
antiferromagnetic fluctuations. The large HM gap implies a 
possible high Curie temperature lfSOl . The Mn3FeTe4 could 
be fabricated experimentally soon because of the good affin- 
ity of Fe to Mn, and it could be used in spintronics. 
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